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Evaluation of Oxidization of
Crumb Rubber–Modified Asphalt
During Short-Term Aging
Amir Ghavibazoo, Magdy Abdelrahman, and Mohyeldin Ragab
during different stages, from CRM binder production to hot-mix
asphalt production.
An important stage in the construction of flexible pavement is the
mixing and compaction process of the hot-mix asphalt, which occurs
at relatively high temperatures (i.e., 160°C for mixing, 130°C for
compaction). These high temperatures stiffen the asphalt binder substantially. This phenomenon, called short-term aging in the asphalt
industry, causes significant changes in the physical and chemical
properties of asphalt binder and potentially creates premature failures
in asphalt pavements (2, 3).
The aging mechanism of neat asphalt binder has been studied by
many researchers. It has been shown that the configuration of existing microphases in asphalt binder changes during aging. Wu et al.
showed that the multiphase state of the neat asphalt binder tended
to transform into a single phase during aging, because aging eliminated the borders between different phases (4). Also, the carbonyl
and sulfoxide groups in asphalt binder increased considerably during short-term aging. Siddiqui and Ali showed a good correlation
between the increase in the carbonyl content of the asphalt binder and
the hardening rate of asphalt binders (5). They also reported that,
during aging, the aromatization and dehydrogenation of asphaltene
occurred (6). Studies on the effect of aging on the chemical composition of asphalt binder showed that the short-term aging of asphalt
binder resulted in transformation of its generic fractions and changes
in its large molecular size components. Lu and Isacsson (2) and Liu
et al. (7) found that part of the aromatic fraction of asphalt transformed into the resins and part of the resins transformed into the
asphaltene. In general, asphalt aging is related to two main mechanisms: (a) oxidization of functional groups, (e.g., carbonyl and
sulfoxide) in asphalt and (b) volatilization of its light molecular components, which function as peptizing agents. These two mechanisms
increase the concentration of asphaltene and resins in asphalt and
consequently increase its stiffness (2).
Aging also is a factor in modified asphalt (MA) binders (e.g., crumb
rubber–modified asphalt). The aging mechanism for MA is much more
complex than it is for neat asphalt because of the dynamic nature of
CRM particles in the asphalt and the effects of time and temperature
on the enhancement of the physical properties of MA (8). CRM particles absorb aromatics in asphalt and swell up to three to five times
their original size at elevated temperatures. However, they never
reach their maximum level of swelling during the interaction period
(9). The elevated temperature in the production of hot-mix asphalt
causes the interaction between CRM and asphalt to continue, which
changes the nature of MA. This change occurs along with the other
conventional aging processes in the asphalt binder (e.g., oxidization
and volatilization) (10).

Asphalt binder is subjected to aging during the construction process
and service life of pavement. Aging substantially changes the chemical
composition and physical properties of asphalt and leads to premature
distresses on pavement. It is speculated that crumb rubber modifier
(CRM) reduces the susceptibility of asphalt to aging, but its mechanism is not fully understood. Also, the impact of interaction parameters and exchange of components on the aging behavior of a crumb
rubber–modified binder is not fully understood. In this study, the effect
of CRM on the short-term aging of asphalt was investigated through an
analysis of the distinctions between the impact of different CRM activities
(e.g., swelling and dissolution) on the oxidization process of asphalt. The
crumb rubber–modified binder and its extracted liquid phase were aged
with the use of a rolling thin-film oven. Physical and analytical tests (e.g.,
dynamic shear rheometer, Fourier transform infrared spectroscopy) were
performed before and after aging. The results revealed that CRM affected
the short-term aging behavior of asphalt in two ways. First, CRM retarded
asphalt oxidization through the release of antioxidants. Second, CRM
continued to interact with asphalt during its aging through absorption of aromatics and swelling. The results indicated that, through the
accurate control of the interaction conditions, a modified asphalt could
be produced with antiaging behavior superior to that of neat asphalt.
Moreover, the results showed that an increase in the mixing and compaction temperature of hot-mix asphalt was not a good remediation of the
high-temperature workability problem with the crumb rubber–modified
binder because it significantly affected the nature of the composite.

Crumb rubber modification of asphalt is a common practice in the
industry because of its physical and environmental benefits. The interaction of crumb rubber modifier (CRM) with asphalt and its effect
on different physical properties of asphalt has been the subject of
numerous studies for several years.
CRM interacts with asphalt in different ways, which depend
on interaction parameters, and develops its properties accordingly.
Crumb rubber–modified particles are active during and after the interaction with asphalt and constantly evolve, which adds to the complexity of the crumb rubber–modified binder (1). Thus it is crucial to
understand and control the activities of CRM in asphalt binder
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Moreover, it has been shown that antioxidants and polymeric components can affect the aging mechanism of asphalt individually.
Antioxidants retard the reactive groups of asphalt and prevent their
reaction with oxygen (11). Polymeric chains function as retardants
in asphalt. They hinder the penetration of oxygen molecules into the
asphalt and thereby reduce the oxidization rate of asphalt’s functional groups. Polymeric chains may degrade during aging and consequently neutralize part of the physical hardening that occurs as a
result of oxidization and volatilization of asphalt components (11, 12).
Earlier studies showed that, given the interaction parameters, CRM
particles release their components into the asphalt binder in different
ways (13–15). Each of these released components can affect the aging
mechanism of the modified binder.
In the present study, CRM particles and their released components in asphalt were investigated with respect to their effect on the
short-term aging mechanism (i.e., oxidization) of the MA. The MA
samples and their liquid phase (i.e., CRM removed), and referred
to here as MA-LP, were prepared at different interaction conditions
and aged in a rolling thin-film oven (RTFO). The aging susceptibility of the samples was calculated through a comparison with their
rutting parameter [G*/sin(δ)] before and after aging, as suggested
by Lu and Isacsson (2). Also, the oxidization of MA and MA-LP
were studied through Fourier transform infrared (FTIR) tests. The
long-term aging of the MA was not within the scope of this work.
MaterialS and Methods
Materials
PG 58-28 asphalt was used in this research. The asphalt was provided by Flint Hill Resources and denoted as NF. The CRM batch
was produced by an ambient method from truck tire resources,
denoted as TR, and provided by Liberty Tire Recycling. The basic
properties of the materials are listed as follows:

•
•
•
•
•
•
•

– Phase angle (δ) = 87.51 degree, and
– G*/sin(δ) = 1,643.2 Pa;
CRM type = TR;
Source = truck tire;
Process method = ambient;
Acetone extract = 3.85%;
Polymer = 57.42%;
Carbon black = 30.84%; and
Other = 7.89%.

The CRM particle size, in all interactions, was controlled to be
smaller than the No. 40 (0.422 mm) mesh and larger than the No. 60
(0.251 mm) mesh, according to the U.S. standard system, unless
otherwise stated in the sample’s code. For instance, (20-30) in
NF-TR-(20-30)-15%-10Hz160C in Table 1 indicates that the CRM
particles in this interaction passed the No. 20 (0.853 mm) sieve and
retained on the No. 30 (0.599 mm) sieve.
Interactions
All interactions were conducted for 2 h, except when otherwise stated,
with the use of 1,200 ± 100 g of asphalt in 1-gal cans. An aluminum
heating mantle (100B TM634), attached to a benchtop temperature
controller, and a J-type thermocouple were used to control the inter
action temperature. Nitrogen gas was applied on top of all inter
actions to prevent oxidization. Table 1 shows the list of interactions,
their related codes, and parameters. The interaction parameters were
selected on the basis of the results of previous studies to control the
dissolution of CRM in asphalt and develop a set of samples with a
wide variety of CRM dissolution percentages (9, 15). The reliability
of all interactions and testing was verified by running replications on a
limited number of samples on the basis of feasibility.
CRM Extraction Method

• Asphalt type = Flint Hill (NF);
• Performance grade = 58-28;
• Physical properties at 58°C:
– Complex modulus (G*) = 1,232 Pa,
– Elastic modulus (G′) = 53.47 Pa,
– Viscous modulus (G″) = 1,230 Pa,

To measure the dissolution of the CRM in asphalt before and after
aging, the CRM extraction method, as explained in previous studies,
was performed (15). In this method, 10 grams of MA were diluted in
toluene, drained through a No. 200 (75 µm) mesh, and washed with
extra toluene until the filtrate became colorless. The retained particles

TABLE 1   List of Interactions and Corresponding Parameters

Interaction Name

AC Type

CRM Type

CRM Size

CRM
Concentration
(%)

NF-TR-5%-10Hz160C
NF-TR-10%-10Hz160C
NF-TR-(20–30)-15%-10Hz160C
NF-TR-15%-10Hz160C
NF-TR-(80–200)-15%-10Hz160C
NF-TR-15%-10Hz190C
NF-TR-15%-30Hz190C
NF-TR-15%-50Hz190C-60 min
NF-TR-15%-50Hz190C
NF-TR-15%-50Hz220C

NF
NF
NF
NF
NF
NF
NF
NF
NF
NF

TR
TR
TR
TR
TR
TR
TR
TR
TR
TR

(40–60)
(40–60)
(20–30)
(40–60)
(80–200)
(40–60)
(40–60)
(40–60)
(40–60)
(40–60)

5
10
15
15
15
15
15
15
15
15

Note: AC = asphalt cement.

Interaction
Temp (°C)

Mixing
Speed (Hz)

CRM
Dissolution
(%)

160
160
160
160
160
190
190
190
190
220

10
10
10
10
10
10
30
50
50
50

10.8
12.2
11.1
11.0
13.0
13.0
25.9
35.0
58.2
86.5
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were dried in the oven at 60°C for 12 h to ensure removal of all
solvent residues.

Extraction of MA-LP
To investigate the impact of exchanged components between CRM
and asphalt on the aging mechanism of the MA, the liquid phase of
the MA samples was extracted before and after aging. To obtain the
liquid phase, the required amount of MA was heated to 165°C and
drained through a No. 200 (75 µm) mesh in the oven at 165°C for
25 min. Immediately after extraction, the MA-LP was stored at −12°C
to prevent any unwanted aging or reaction.
Dynamic Shear Rheometer
A CVO dynamic shear rheometer from Bohlin Instruments was
used for viscoelastic analysis. All tests were performed with parallel
plates with a 25-mm diameter at 58°C and 1.59Hz (10 rad/s) to follow the Superpave® guidelines. The gap selected between the plates
for the MA samples was 2 mm, the minimum gap size that would not
affect the results because of the presence of CRM particles (9, 15).
For neat asphalt and for the liquid phase, in which no CRM particles
were present, the selected gap size was 1 mm. To avoid nonlinear
viscoelasticity, all tests were performed in a strain control mode with
a strain less than 1%.

Short-Term Aging
In this study, all samples were aged according to ASTM D2872-12
with the use of an RTFO, except when otherwise stated. To ensure a
complete flow of the samples in the RTFO bottles (especially in the
case of the MA samples), the method suggested by Bahia et al. was
used (8). According to this method, a stainless steel rod, 127 mm by
6.4 mm, was placed in each bottle to ease the flow of the samples and
prevent them from rolling out, which was observed during the preliminary studies in this research and reported elsewhere (8, 16). For
consistency, the rods were used for all samples, including unmodified asphalt and MA. For reliability, at least two replications with
the use of an RTFO were conducted on each sample, and the average
results are presented here.
For coding purposes, the aged MA is denoted as MA-RTFO and
the aged MA-LP is denoted as MA-LP-RTFO. After the MA was
aged, its liquid phase was extracted from the whole matrix, with
the same extraction method described earlier, which is denoted as
MA-RTFO-LP throughout this paper. In the coding, the sequence of
MA, LP, and RTFO defined the sequence. For instance, MA-RTFO-LP
indicated that the MA was aged first and then its liquid phase was
extracted. MA-LP-RTFO, however, indicated that the liquid phase
of the MA was extracted first (before aging) and then the liquid
phase was aged with the RTFO.
To investigate the age hardening of the samples, the following
equation was adapted from the work by Lu and Isacsson (2) and
used here:
G*
sin (δ ) after aging
aging susceptibility =
G*
sin (δ ) before aging

(1)

TABLE 2   Characteristic IR Bands in Asphalt (3, 17, 21)
Band Position
(cm−1)

Band Assignment

1,032
1,376
1,419
1,437
1,448
1,458
1,603
1,730
2,853
2,870
2,924
2,954

SO stretching
C—H symmetric bending of CH3
C—H bending of —(CH2)n—
C—H asymmetric bending of —(CH2)n—
C—H asymmetric bending of —(CH2)n—
C—H asymmetric bending of —(CH2)n—
CC stretching (aromatic)
CO carbonyl
C—H symmetric stretching (aliphatic)
C—H symmetric stretching (aliphatic)
C—H asymmetric stretching (aliphatic)
C—H asymmetric stretching (aliphatic)

FTIR Spectroscopy
The oxidization of asphalt is correlated with the formation of carbonyl groups, which appear at about 1,700 cm−1 in the infrared (IR)
spectra (4, 11, 17–19). Thus an FTIR spectrometer, Nicolet 8700
from Thermo Scientific, was used in transmission mode to quantify
the concentration of carbonyl groups of the samples before and after
aging. Samples were diluted in toluene with a concentration of 5%
weight of toluene (20). Then a thin film of the sample was casted on
a KBr window and dried for 15 min to ensure complete removal of
the solvent. The FTIR test was performed by running 32 scans on
each sample in wavenumbers that ranged from 4,000 to 400 cm−1.
For reliability, two FTIR tests were conducted on each sample, and
the results were averaged.
To quantify the growth of the carbonyl groups during the aging
process, carbonyl index was calculated with Equation 2, suggested
by other researchers (17, 19). In Equation 2, the area under the band
at about 1,700 cm−1, attributed to the carbonyl group in asphalt, is
measured valley to valley and divided by the area under all asphalt’s
characteristic bands. Table 2 presents the list of characteristic IR bands
found in asphalt.
A 
carbonyl index =  1,700  p 100
 ∑ A

∑A= A

1,700

(2)

+ A1,603 + A1,458 + A1,448 + A1,437 + A1,419 + A1,376 + A1,032

+ A864 + A814 + A743 + A724 + A(2,954, 2,924, 2,870)
where A is the area underneath each peak.
Results and Discussion
Effect of Short-Term Aging on CRM Dissolution
In previous studies, the CRM particles partially dissolved and
released part of their components into the asphalt matrix on the
basis of the interaction temperature (15). At very low interaction
temperatures (i.e., 160°C), the dissolution of CRM was minimal
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FIGURE 1   Effect of short-term aging on CRM dissolution.

and limited to its oily components. However, at higher interaction
temperatures (above 190°C), the dissolution extended to the polymeric components of the CRM. Here the short-term aging process
of asphalt was investigated (Figure 1).
As Figure 1 shows, the CRM dissolution progressed during the
aging process. However, it diminished when the original CRM dissolution (before aging) increased. This finding indicated that the
aging of the MA resulted from changes in the CRM dissolution as
well as from the effects of other known aging mechanisms on the
binder during the aging process (e.g., oxidization).
Effect of CRM Size and Concentration
To investigate the effect of parameters related to CRM particles (i.e.,
size, concentration) on short-term aging of MA, several samples
were produced at low interaction conditions (i.e., 160°C and 10 Hz).
At these interaction conditions, the dissolution of CRM was minimal
and limited to its oily components (13).
Figure 2 shows the changes in physical properties of MA and
MA-LP before and after aging and their aging susceptibility as a
function of CRM concentration (Figure 2, a and b) and CRM sieve
size (Figure 2, c and d). The aging susceptibility was calculated
with Equation 1.
CRM particles absorb the light molecular weight components of
asphalt during the interaction. Thus the liquid phase of CRM binder
with a higher CRM concentration (i.e., 15%) was expected to have
fewer aromatics and light molecular components than with a lower
CRM concentration (i.e., 5%).
The results in Figures 2 show that the aging susceptibility of
the MA-LP did not change as a function of the CRM concentration
or CRM size, even though an increase in the CRM concentration
increased the absorption of light molecular components of asphalt
and consequently enhanced the physical properties of the MA-LP
before aging (Figure 2b). This result indicated that absorption
of light molecular weight components of asphalt by CRM particles
during the interaction had no remarkable effect on the extent of aging
susceptibility of the liquid phase of CRM binder.
Figure 2a shows that the aging susceptibility and rutting parameters of the MA-RTFO-LP increased much faster than they did for

MA-LP-RTFO as a function of CRM concentration. This result
indicated that the liquid phase of the MA aged at a higher rate and to
a greater extent in the presence of the CRM particles. Thus it could
be concluded that, in addition to the conventional aging mechanisms of neat asphalt (i.e., oxidization, volatilization, polymerization), other aging mechanisms also were involved in the case of
MA, as discussed in subsequent sections.
In Figure 2, the aging susceptibility and rutting parameter of
MA-RTFO-LP increased with an increase in the CRM concentration (Figure 2, a and b), and decreased after a decrease in the CRM
size (Figures 2, c and d). This result indicated that two phenomena
might be involved in the age hardening of MA. The first phenomenon was the continuation of the absorption of light molecular weight
components of asphalt by CRM particles during the aging period.
This process was intensified by an increase in the CRM concentration
and led to a much stiffer liquid phase in the MA samples (Figure 2,
a and b). The second phenomenon was attributed to the improved dispersion of CRM particles in the asphalt matrix, and consequently to
the possible depression of the oxidization and volatilization processes
in the liquid phase of asphalt during the aging (Figure 2, c and d).
These phenomena are explored further in subsequent sections.
In Figure 2a, it can be seen that, despite the increases in the aging
susceptibility of the MA-RTFO-LP through the CRM concentration, the aging susceptibility of the related MA samples decreased.
This result was attributed to the dominant role of the CRM particles
in their definition of the physical properties of the MA at high CRM
concentrations and to their marginal susceptibility to aging, which
reduced the overall aging susceptibility of the MA.
Effect of CRM Dissolution
The dissolution of CRM was controlled through the monitoring of
the interaction conditions. Figure 3 shows the changes in aging susceptibility and physical properties of samples as a function of CRM
dissolution percentage.
As Figure 3a shows, the rutting parameter of the MA deteriorated
once the CRM dissolution increased. However, the complex modulus of the MA-LP increased slightly at first and then deteriorated, in
accordance with previous studies (9, 15).
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FIGURE 3   Effect of CRM dissolution on (a) physical properties and (b) aging susceptibility.
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An increase in the aging temperature led to the disintegration of
the CRM particles and consequently to the desorption of the light
molecular components of the asphalt back into its matrix. These two
phenomena, despite the hardening that occurred as the result of the
faster oxidization of the asphalt binder, presented in the next section, resulted in deterioration of the rutting parameter of the MA and
MA-RTFO-LP (Figure 5a). The reduction in the rutting parameter
led to a lower aging susceptibility overall (Figure 5b).
Figure 5b shows that the aging susceptibility of MA-LP-RTFO,
aged at 190°C, was much lower than the susceptibility of the original asphalt, aged under the same conditions. This result indicated
that released components of the CRM in the asphalt, even at low
CRM dissolutions, reduced the asphalt’s aging susceptibility and
prevented its oxidization.
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Effect of CRM on Oxidization
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CRM modification of asphalt increases its high-temperature viscosity remarkably, which drastically affects the handling of the binder
as well as the mixing and compaction process of hot-mix asphalt.
Thus studies in the literature have recommended an increase in the
temperature to remediate this problem. A high mixing temperature
severely affects the age hardening of the modified binder. To investigate the effect of increased mixing temperatures on the aging of
the MA, the standard RTFO test was conducted at four temperatures: 163°C, 170°C, 180°C, and 190°C. The results are presented
in Figures 4 and 5.
Figure 4 shows that an increase in the aging temperature significantly affected CRM particle integrity in the asphalt and led to
particle dissolution during aging. Figure 5a shows that the rutting
parameter of the MA-LP-RTFO increased significantly as a function of aging temperature, whereas the rutting parameter of the MA
and MA-RTFO-LP increased much more slowly and then started
to decrease once the aging temperature was increased to 190°C.
Figure 5b shows the same trend for the aging susceptibility index
of the three components.

20,000

16

Effect of Aging Temperature

25,000

Aging Suscepbility (unitless)

Figure 3b shows that the aging susceptibility of MA-LP and MARTFO-LP decreased significantly through an increase in the CRM
dissolution, until finally it had the same susceptibility as the MA.
The decrease in the aging susceptibility of the MA-LP could be
attributed to the partial release of the CRM components in asphalt.
These components have proved to interfere with the age-hardening
mechanisms of asphalt (22).
The decrease in the aging susceptibility of the MA-RTFO-LP
could be attributed to the reduction in the swelling capacity of the
remaining CRM particles after partial dissolution and to the effect
of the released components of CRM into the asphalt matrix, as
explained in the case of the MA-LP.
Figure 3b shows that the aging susceptibility of the MA stayed
relatively constant through an increase in the CRM dissolution up
to 35%, and then it increased slightly through further dissolution
of CRM until it reached the aging susceptibility of the MA-LP and
MA-RTFO-LP. This result indicated that the dominant role of CRM
particles in the definition of the mechanical behavior of the MA
matrix diminished through CRM dissolution. Thus, at this stage,
the physical properties of MA and its aging mechanism depended
mainly on the physical properties of its liquid phase.

Aging Temperature (°C)
FIGURE 4   Effect of aging temperature on dissolution of CRM
during aging process.

The effect of CRM on oxidization of the MA samples was investigated through FTIR tests. Because of the high absorption of the IR
beam by CRM particles, the FTIR tests were performed on MA-LP
samples (i.e., CRM removed). The results of the FTIR tests are presented in Figure 6. Figure 6 illustrates the IR spectra of the liquid
phase of selected MA samples before and after aging. It can be seen
that the carbonyl band intensified with the aging of the MA sample,
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FIGURE 6   Transmission FTIR spectra of MA-LP samples before and after aging.

which indicated that oxidization of the sample occurred during the
aging. The IR spectra of all MA samples were obtained in the same
manner, although not presented here.
The carbonyl index of each sample was calculated with Equation 2
and presented in Figure 7. The carbonyl index of MA-LP with a 15%
CRM concentration (NF-TR-15%-10Hz-190°C) was compared with
the one with a 5% CRM concentration (NF-TR-5%-10Hz-190°C)
and the original asphalt. The comparison revealed that the addition
of CRM decreased the oxidization rate of the binder during aging.
The carbonyl indexes for all of the MA-LP-RTFO and MARTFO-LP samples were relatively the same, which indicated that
the reduced oxidization in the liquid phase resulted from the release
of the oily components of CRM, which contained antioxidants, into
the asphalt matrix (23).

MA-LP

The results also showed that an increase in the dissolution of CRM
in asphalt had a negligible impact on the oxidization rate of the liquid
phase of the MA. The combined FTIR test results (Figure 7) and the
aging index results (Figure 3b) revealed that the decrease in the aging
index of the MA-LP as a function of CRM dissolution occurred for
reasons other than retardation of the oxidization. It is a finding that
needs further investigation.
The FTIR results for the MA aged at 190°C showed that an
increase in the aging temperature increased the oxidization of the
liquid phase of the MA significantly. However, on the basis of the
results shown in Figure 5, the aging susceptibility and the rutting
parameter of the MA decreased. This result proved that dissolution
of the CRM during aging at a higher temperature offset the hardening
that occurred from oxidization.
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FIGURE 7   Carbonyl index of MA-LP sample before and after aging.
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Conclusions
The effect of CRM dispersion in asphalt matrix and the exchange of
components between asphalt and CRM were investigated in relation
to the oxidization of MA. The MA samples and their liquid phase
were aged in an RTFO. The physical aging susceptibility and carbonyl indexes were calculated with a dynamic shear rheometer and
FTIR tests, respectively.
The results of this study showed that the presence of CRM particles or their extensive dissolution had no significant effect on oxidization in the liquid phase of MA. The release of oily components of
CRM into the asphalt matrix, which occurred during the early stages
in the interaction between CRM and asphalt, however, decreased
the asphalt oxidization. This result was attributed to the presence of
antioxidants in the oily components of CRM.
The results also revealed that the CRM particles, when not dissolved, continued to absorb the aromatics and light molecular weight
components of asphalt, which led to significant stiffening of the liquid
phase of MA, which was extracted after the aging (MA-RTFO-LP).
The dominant role of CRM particles in the definition of the mechanical behavior of the MA especially at high CRM concentrations (i.e.,
10%, 15%), however, kept the aging susceptibility of the MA matrix
lower than that of the unmodified asphalt.
Partial dissolution of the CRM particles into the asphalt matrix
led to the superior stability of the whole matrix and its liquid phase
with respect to mechanical behavior, given the incapacity of the
remaining CRM particles to change during the aging process. This
finding should help to ensure the similar nature of the binder before
and after the hot-mix asphalt mixing and compaction process.
Finally, the results showed that an increase in the mixing and compaction temperature was not an appropriate solution to resolve the
high viscosity problem associated with MA. The results showed that
an increase in the temperature led to considerable oxidization of the
asphalt as well as disintegration of CRM particles, which significantly
changed the nature of the MA.
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